We present a new algorithm of calculating an image of dispersive energy in the frequency-velocity (f-v) domain. The frequency decomposition is first applied to a shot gather in the offset-time domain to stretch impulsive data into pseudo-vibroseis data or frequency-swept data. Because there is a deterministic relationship between frequency and time with a sweep that is used in the frequency decomposition, the first step theoretically completes the transform from time to frequency. The slant stacking is then performed on the frequency-swept data to complete the transform from offset to velocity. This simple two-step algorithm generates an image of dispersive energy in the f-v domain. The straightforward transform only uses offset information of data so that this algorithm can be applied to data acquired with arbitrary geophone-acquisition geometry. This algorithm breaks new ground for true 3D surface-wave analysis. Examples of synthetic and real-world data demonstrate that this algorithm generates accurate images of dispersive energy of the fundamental mode as well as higher modes.
Introduction
Multichannel analysis of surface waves-MASW ) utilizes a multichannel recording system to estimate near-surface shear (S)-wave velocity from high-frequency ( 2 Hz) Rayleigh waves. The method has been getting more and more attention from the near-surface geophysical community and has been applied to problems of near-surface geology and geophysics (e.g., Xia et al., 2002a Xia et al., , 2002b Xia et al., , 2002c Beaty et al., 2002; Tian et al., 2003a Tian et al., , 2003b . One of the key steps of the MASW method is to generate an image of dispersion energy in the frequency-velocity (f-v) domain. Three algorithms are commonly used in high-frequency surface-wave analysis: the F-K transformation (e.g., , the Tau-p transform , and the phase shift . For the F-K transformation method, data in the x-t domain are first transformed into the F-K domain and then determination of phase velocities can be completed through the relation v = f/k, where v, f, and k are phase velocity, frequency, and wavenumber, respectively. Normally the F-K transformation results in an image of dispersion energy with poor resolution. In the Tau-p transform method, an image of dispersion energy is obtained by two phases of transforms. Data are first transformed into the Tau-p domain and a Fourier transform is then performed along the time. With the phase-shift method, a phase shift is applied to data according to an adopted velocity and a sum is then performed for each considered frequency. After evaluating these algorithms, concluded that the phase shift approach is not sensitive to data processing and maintains very good performances even with a limited number of traces; when fundamental mode detection is the primary concern and high-frequency overtones can be neglected, the phase shift method is a robust and cost-effective solution capable of providing accurate phase velocities.
Three methods, discussed previously, require data acquired along a straight line with evenly spaced receivers. In this paper, we develop an algorithm that can be applied to data acquired with receivers in an arbitrary acquisition geometry. The algorithm consists of two steps: data are first stretched into pseudo-vibroseis data or frequency-swept data and then the slant stacking is performed on the frequency-swept data. This two-step transform generates an image of dispersive energy in the f-v domain.
The algorithm
Assuming multichannel impulsive data x(d, t) acquired in the d-t domain, where d is an offset (distance between a source and a receiver), the frequency decomposition is first applied to x(d, t) that stretches x(d, t) into pseudo-vibroseis data or frequency-swept data X(d, t) by the following equation:
where stands for the convolution operation, and S(t) is a linear or non-linear sweep and should cover a frequency range of interest. provided a general form of S(t): S(t) = Im , where f(t) is the instantaneous frequency and defines the relationship between time and frequency. After the frequency decomposition (Equation 1), therefore, we equivalently complete a transform from time to frequency. This decomposition can be omitted if vibroseis data are acquired.
The slant stack is applied to X(d, t) with a predetermined velocity range that covers phase velocities of interest. Discussion of construction of slant stacks can be found in Yilmaz (1987, p. 430) . We only list a couple equations used in our calculations. We first applied a linear moveout (LMO) correction to X(d, t) through a coordinate transformation :
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After LMO, an event with slope 1/v on X(d, t) is flat. Next, we summed the data over the offset axis to obtain
By repeating the LMO (Equation 2) for values v (v min , v max ) and stacking the data (Equation 3), we obtain an image in the t-v domain. As mentioned earlier, we can assign a specific time with a corresponding frequency depending on a sweep used in the frequency decomposition. Because we are interested in energy peaks, to generate a smoothed image of dispersive energy the maximum value of X(v, ) in a time window (wl) is used to be assigned with a corresponding frequency. The length of the window wl could be selected in a wide range with little effect on the image as examples shown in the paper. In our testing, wl was selected corresponding to a frequency increment from 0.1 Hz to 2.0 Hz depending on a frequency range of the image. After assigning corresponding frequencies, we get the image of surface wave energy X(f, v) in the f-v domain. Phase velocities of surface waves can then be picked up to form the fundamental and higher modes.
A synthetic example
High-frequency Rayleigh waves ( Figure 1a ) due to a two-layer model were simulated by a finite-difference method (Xu et al., in (Figure 1c) . We can pick phase velocities following higher peaks associated with energy trends. At some frequencies, for example, 25 Hz and 40 Hz, there is more than one peak due to higher modes. Asymptotes at the high and low frequencies of the fundamental mode (Figure 1c ) indicate the correct phase velocities for the top layer (~190 m/s) and the half space (~370 m/s). The image also shows strong energy of the first, second, and third higher modes and provides sufficient resolution to distinguish these modes. Asymptotes of the higher modes approach to correct phase velocities, too. Asymptotes of higher modes at the high and low frequencies reach the S-wave velocities of the top layer and the half space, respectively. These characteristics are not the same as those of the fundamental mode.
Rayleigh-wave energy is dominant in the image
The analytical results (solid dots, Figure 1c ) calculated by the Knopoff method were used to check the accuracy of the image. For the fundamental mode, the image indicates a relatively low phase velocity (< 5%) at frequencies around 10 Hz and in the high frequencies range (> 40 Hz). For the first higher model, the image suggests a little highphase velocity (< 5%) at frequencies around 25 Hz. Possible reasons could be near-field effects (e.g., non-plane wave propagation and body-wave energies) and finite-difference approximation (Xu et al., in review) .
Real-world examples
Surface-wave data ( Figure 2a) were acquired in Virginia Key, Florida, using a 24-channel seismograph with 14-Hz verticalcomponent geophones that were deployed at 0.6-m intervals with the nearest offset of 4.5 m (Xia et al., in review) . The source was a 3.5-kg hammer vertically impacting a 0.3-m by 0.3-m metal plate. A 10-sec-long linear-up sweep from 10 Hz to 110 Hz was used to perform the frequency decomposition. The frequency-swept data were summed by the slant stacking with a velocity range from 20 m/s to 700 m/s and an increment of 5 m/s. wl was selected as 0.1 s that corresponds to ~1 Hz. After assigning slant-stacked data with corresponding frequencies, we obtained the image in the f-v domain (Figure 2b ). We can pick phase velocities following higher peaks of energy trends (Figure 2b ). Phase velocities with the fundamental mode can be determined from 20 Hz up to 100 Hz. Phase velocities of the first higher mode can also be picked up from 50 Hz to 90 Hz with no difficulty.
Data of the second real-world example ( Figure 3a) were acquired in Olathe, Kansas, using a 60-channel seismograph with 4.5-Hz vertical-component geophones that were deployed at a 0.6-m interval with the nearest offset of 6.0 m . The source was a 5.4-kg hammer vertically impacting a 0.3-m by 0.3-m metal plate. A 10-sec-long linear-up sweep from 10 Hz to 110 Hz was used to perform the frequency decomposition. The slant stacking with a velocity range from 20 m/s to 700 m/s and an increment of 5 m/s was performed to the frequency-swept data. wl was selected as 0.2 s that corresponds to~2 Hz. After assigning slant-stacked data with corresponding frequencies, we obtained the image in the f-v domain (Figure 3b ). The NSE 1.8
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Imaging dispersive energy by slant stacking fundamental mode of a surface-wave energy trend was very well defined from 25 Hz to 80 Hz. We can easily pick phase velocities following higher peaks associated with the trend.
Discussion and Conclusions
The algorithm developed in the paper was applied to synthetic and real-world data along a straight line with evenly spaced receivers. The accuracy of the algorithm was assessed with synthetic data and analytic results. Synthetic and real-world examples demonstrated its ability to generate clear fundamental-mode as well as higher-mode images. As we mentioned in the paper, the length of time window (wl) is not critical to the quality of the image of dispersive energy so that it can be selected in a wide range. The real power of the algorithm is its capability to generate an image of dispersive energy from data acquired in an arbitrary acquisition geometry, which lays down a foundation for true 3D surface-wave analysis. Testing on 3D data will be our future task. 
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